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1.*0 INTRODUCTION

The TRAM program provides a Monte Carlo simulation to determine a cumula-

tive hit probability for an ASW weapon delivery system with an evasive sub-

marine as target. The target evasive maneuver is a course change with a

simultaneous speed change order (new thrust level). By user choice, the

maneuver parameters may be fixed or may be random within prescribed statisti-

cal limits. The program also takes into account random errors of the weapon

delivery system. These include errors in target localization, target motion

analysis (THA), and the delivery error of the system.

Hit probability for a given weapon delivery point is determined by a

user-provided rectangular grid of hit probabilities. The grid structure

provides rectangular areas distributed about the target with a prescribed hit

probability associated with weapon delivery in each area.

The program is written in Sperry Univac 1100 Series FORTRAN (ASCII) -

Level 9R1. See reference 1. A complete source program listing is contained

in Appendix A.

Logical simplicity of the source code was emphasized to make the program

and its logical flow more easily understood by the user. in some instances,

this resulted in deliberately redundant or inefficient source code.

2.0 MATHEMATICAL DESCRIPTION

Figure I presents a representative illustration of target motion and

weaponi delivery system geometry. The geometry is two-dimensional; target

depth is assumed constant.

At time t 0 the target is located at position TO0), located at the

origin of the xy coordinate frame, with an initial velocity v 0along the

positive x-axis. At some subsequent time t - TV, the target initiates a

(11 Sperry Rand Corporation. Sperry Univac Series 1100 FORTRAN (ASCII)
Level 9RI, Programmer Reference. 1979.
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Figure 1. Illustrative run geometry.

maneuver which consists of a course change, or an instantaneous change in

thrust level (change in ordered speed), or both, or neither.

The time t - T1 may be prescribed by the user or, otherwise, will be

chosen by the program from a random distribution of times uniformly distri-

buted over the interval from t - 0 to t = TB + eTB, where TB is the estimated

blind time of the weapon delivery system, ie, the time between last observed

target position and weapon delivery, and eTB is the error in the estimate of

T B . e is a random variable chosen by the program from a normal distribu-

tion, with zero mean and a user-specified standard deviation.
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The thrust level change at t T is specified by the user. The course

change magnitude may also be specified by the user or, otherwise, is chosen by

the program from a uniform distribution between limits provided by the user.

The direction of the course change is randomly chosen by the program,. with

either direction equally probable.

The maneuver event itself may be treated as a random variable by the

program. That is, while the user may prescribe that a maneuver does occur, he

may, alternatively, provide only a probability that a maneuver occurs. In the

latter case, the program will determine the occurrence of the maneuver by

comparing a random number, drawn from a uniform distribution over the interval

zero to one, with the prescribed probability.

The time t - T 2is the time at which the course change, if any, is com-

pleted. Thereafter, the target will proceed on a steady course with constant

thrust level until the end of the run at time t -T B +0eTB

Target dynamics during the maneuver are determined from the two-degree-

of-freedom equations described in Appendix B.

At time t - 0, the weapon delivery system assumes the target to be at

position P(O). e X and ey are the x and y target localization errors. These

errors are chosen by the program from a zero mean normal distribution with a

user-specified standard deviation.

The weapon delivery system assumes that the target maintains a steady

course e 0 and steady speed v 0 + e v from time t - 0 until t - T B* The target

course estimate error e a is chosen by the program from a zero mean normal

distribution with a standard deviation specified by the user. The target

speed estimate error e vis chosen from another zero mean normal distribution

with a user specified standard deviation.

At time t - T B, the weapon delivery system' s estimated (predicted) target

position is at position P(T ).The aimpoint AP is specified by the user in

3



terms of range (R A and bearing A* offsets relative to the predicted target

position at t T T

The weapon delivery point is at DP. The delivery point is offset from

the aimpoint AP by the weapon delivery errors e xd and e yd* Both are chosen by

the program from a zero mean normal distribution with a user-specified stan-

dard deviation.

The probability of hit for a given weapon delivery is determined by the

location of the weapon delivery point in a user-defined hit probability grid.

q The rectangular grid is formed by a series of straight lines parallel to the

target's course at weapon delivery and by another series of straight lines

perpendicular to the target course. An illustrative example is shown on

Figure 2.

The target is located at the origin (x = 0, y - 0) and the target course

is along the positive x-axis. The grid lines are specified by the user and

may be located anywhere relative to the target. There is no requirement for

symmetry about any axis.

The user provides a probability of hit for each rectangle formed by the

grid. The left-hand and lower boundaries of each rectangle are assumed to

belong to that rectangle. Thus, for example, if the weapon delivery point was

located anywhere in the rectangle defined by 500 < x < 1000 yards and -900 < y

< -500 yards, the hit probability for that weapon delivery would be 0.8.

An overall, cumulative hit probability is computed from a set of hit

probabilities from individual "runs", where a run is defined as one target

trajectory and associated weaponi deliveries. A "set" of runs is defined as a

collection of runs made under conditions that differ, one run from another,

only in a stochastic sense. This structure comprises a Monte Carlo

simulation.
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Figure 2. Illustrative hit probability grid.
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The user specifies the number of runs in a set and may also specify more

than one set of runs for a given program execution. He may also specify any

number of weapon deliveries for each run (salvo launch).

For a run with salvo launch of N weapons, the hit probability for the run

is computed according to the equation:

Pn =P n + Pn-1 n P n-1 n I, 2,...N (1)

where P is the probability that at least one of the first n weapons will hit, n th

and P is the hit probability for the n weapon.n

The cumulative hit probability (Monte Carlo probability) for a set of N

runs is computed according to the equation:

N
N E Pk (2)

k- 1

where Pk is the hit probability for the kth run in the set.

The random variables for each run are provided by two random number gen-

erator subroutines: UNFRM and GAUSS. Both generators run continuously (with-

out reset) through a set of runs, so generally different sequences of numbers

* are provided for different runs in a set. A seed number for the generators is

provided by the user at the beginning of each set of runs.

UNFRM generates a sequence of real numbers uniformly distributed over the

interval [0,11. The algorithm used is a multiplicative type of the form:

Xn+I - (185363) xn (mod 2)35 (3)

The interval of the distribution is changed to [0,1] by discarding all
27 -27 27

xk > 2 and multiplying the others by 2 . The 2 factor is a consequence

of the integer-to-real conversion process used with the Sperry Univac 1100
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Series FORTRAN (ASCII) compiler. See references I and 2 for additional

details.

The subroutine GAUSS generates a sequence of normally distributed random

numbers. The algorithm is based upon the Central Limit theorem and is of the

form:

x Ykk~ - 6 a x +

where x is the normally distributed random variable, the Yk are random numbers

uniformly distributed over the interval [0,11 (provided by subroutine UNFRM),

a is the standard deviation of the distribution, and x is the mean. x and ax x

are specified in the program call for the subroutine. See reference 2 for

additional details.

Source code listings of UNFRM and GAUSS are included in Appendix A.

3.0 INPUT DATA REQUIREMENTS

For the convenience of the user in formatting input data, all input data

variable names are defined with a NAMELIST statement. See reference I for

details of NAMELIST input.

The program defines three NAMELIST names: NL1, NL2, and NL3. Every input

data variable is assigned to one of the three. Upon Initiation of program

execution, the program searches for and reads-in NL1 data. Upon initiation of

each set of runs, the program searches for and reads-in NL2 and NL3 data. For

the first set of runs, all NL2 and NL3 data variables must be explicitly de-

fined on an input record (card). For subsequent sets, only those input vari-

ables whose values change from the preceding set need to be redefined. If

none of the variables in NL2 or NL3 change value from the preceding set, an

input card with a blank data field must nevertheless be provided for that

[2] Hamming, R. W. Numerical Methods for Scientists and Engineers. McGraw-
Hill, 1973.

7



NAMELIST name, since the program will search for both NL2 and NL3 input cards

before executing a set of runs,

Appendix C contains a listing of all input data variable names and a

description of the datum each represents. Appendix D contains an example of

input data cards to illustrate input data requirements and format.

4.0 SUBROUTINE REQUIREMENTS

The main program calls two subroutines: UNFRM and GAUSS. Subroutine

UNFRM (NO, Ni, X) returns to the calling program a real number X, which rep-

resents one pseudorandom sample from a uniform distribution over the interval

[0,11, and an integer number Ni, which represents one pseudo-random sample

from a set of integers uniformly distributed over the interval [0,2 27 . Sub-

routine GAUSS (NO, XMEAN, XSIGMA, Ni, X) returns to the calling program a real

number X, which represents one pseudorandom sample from a normal distribution

with mean XMEAN and standard deviation XSIGMA, and an int-sger number Ni, which

represents a pseudorandom sample from a set of integers uniformly distributed

over the interval [0,2 27].

For both UNFRM and GAUSS, the integer NO is provided by the calling

program. For the first call for either UNFRM or GAUSS, NO may be any odd

integer. If either UNFRM or GAUSS has been called prior to a current call for

either subroutine, then NO should be the value of Ni returned from that call,

for either subroutine, which imediately precedes the current call.

Source code listings of UNFR4 and GAUSS are included in Appendix A. A

mathematical description was provided in Section 2.0. Note that subroutine

GAUSS calls the subroutine UNFRM.

5.0 OUTPUT DATA

Appendix E contains the printout for program execution with the input

data illustrated in Appendix D.

8



6. 0 TOP L EVEL FLOWCHART

The top-level program flowchart is shown in Figure 3. At the level

shown, program execution is essentially controlled by three nested do-loops.

The outermost loop (I=I, NSET) cycles once for each set of runs, while

the second loop (J-1, NRUN) cycles once for each run within a set. The

innermost loop (K=1, NSHOT) cycles once for each weapon shot of a run. With

one exception, lower level flowcharts are not necessary, since program logic

is obvious. A second-level flowchart for the one exception, Target Course and

Position at Weapon Delivery, is presented in the next section.

7.0 TARGET COURSE AND POSITION AT WEAPON DELIVERY - LEVEL II FLOWCHART

Figure 4 is a level II flowchart for target course and position at weapon

delivery. The logical flow of program execution can be discerned from the

flowchart and the comments included in the source code listing (Appendix A).

8.0 INTERNAL VARIABLE AND FUNCTION NAMES

Appendix F contains a listing of all internal variable and function names

used in the program along with a dt'finition of each.

9.0 REFERENCES

(1] Sperry Rand Corporation. Sperry Univac Series 1100 FORTRAN (ASCII) -
Level 9RI, Programmer Reference. 1979.

[2] Hamming, R. W. Numerical Methods for Scientists and Engineers. McGraw-
Hill, 1973.
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i

It C THIS PROGRAM COMPUTES A CUMULATIVE HIT PROBABILITY FOR EACH SET OF

7. C MONTE.CARLO RUNS FOR AN ASW WEAPOj DELIVERY SYSTEM %ITH A TARGET

3. C T04AT MAY EXECUTE A RANDOM MANEUVER DURING THE BLIND TIME INTERVAL
14o C BETWEEN TIME OF LAST OBSERVED TARGET POSITION AND TIME OF WEAPON
So C DELIVEPY. THE PROGRAM CALLS SUBRPOUTINES UPIFRM AND GAUSS. INPUT

6. C DATA ARE THE FOLLOWING:
7.
pe C SYMBOL UNITS DESCRIPTION
9.

10. C NSET .... NIJMBER OF SETS OF MONTE-CARLO RUNS
Ile C NRUN .... NUMBER OF RUNS IN EACH SET
12. C NSHOT .... NUPIBER OF INDEPENDENT WEAPON DELIVERIES FOR

13. C EACH RUN
114. C PTM .... PROBABILITY THAT TARGE1 WILL MANEUVER DURING
15. C BLIND TIME INTERVAL, IF PTM .LT. 0.0 ANn PTM
I6 C .GT. -1,0, THEN TARGET WILL MANEUVER STARTING
17. C AT .100O90PTM PERCENT OF BLIND TIME,

ISO C TSI KTS TARGET SPEED BEFORE START OF MANEUVER
19. C TS2 KTS TARGET SPEED ORDERED AT TIME MANEUVER STARTS
20* C CNAX DEG MAXIMUM MAGNITUDE OF COURSE CHANGE
710 C CMIN DEG MINIMUM MAG0ITUDE OF COURSE CHANGE

22. C TR YOS TARGET TURN RADIUS
23. C TCL FT TARGET CHARACTERISTIC LENGTH
24. C TR2 YOSe*? TARGET CHARACTERISTIC DRAG RADIUS SQUARED
25. C TB SEC BLIND TIME
76. C APR YnS AIMPOINT OFFSET RADIUS

27. C APA DEG RFLATIVE BEARING OF AIPPOINT FROM TARGET
28. C 1AIMPOINT OFFSET ANGLE$
29. C SIGTR SEC STANDARD DEVIATION OF NORMAL ERROR IN Eq TIMATE
30& C OF TB
31, C SIGTC DEG STANDARD DEVIATIOn OF NORMAL ERROR IN ESTIMATE
32. C OF TARGET INITIAL COURSE
33. C SIGTS KTS STANDARD DEVIATION OF VORMAL ERROR IN ESTIMATE
3q. C OF TARGET INITIAL SPEED
3S. C SIGL YDS STANDARD DEVIATION OF CIRCULAR NORMAL ERROR
36. C IN ESTIMATE OF TARGET INITIAL POSITION
37. C SIGD YDS STANDARD DEVIATION OF CIRCULAR NORMAL ERROR
38. C OF WEAPON DELIVERY
39a C NX .... NUMBER OF HIT PROBABILITY GRID LINES
'40. C PERPENDICULAR TO TARGET CENTERLINE 12S MAX)
"l. C NY .... NUMBER OF MIT PROBABILITY GRID LINES PARALLEL
'42. C TO TARGET CENTERLINE (2S MAXI
'43. C NRAP .... ARBITRARY INTEGER SEED FOR RANDOM NUMBER
0-40 C GENERATOR
4q. C GRIDXII) YDS ARRAY 125 "AX) OF X COORDINATES Of HIT
46 C PROBABILITY GRID LINES. POSITIVE AHEAD,
'97. C NEGATIVE ASTERN. ARRAY IS STRUCTURED IN
"Re C ASCENDING ORDER w GRIDXIII 9LT* GRIDXII*II.
'49 C GRIDY(II) OS ARRAY 12S MAX) CF Y COORDINATES OF HIT
SO. C PROBABILITY GRID LINES, POSITIVE TO PORT,

SI. C NEGATIVE TO STBD. ARRAY IS STRUCTURED IN
52. C ASCENDING ORDER. GRIDYII) oLT. GRIDYII.I).
53o C PH(Ij) -.-- ARRAY 124 BY 24 MAY) OF HIT PROBABILITIES,

S4 C PN(IJ) IS THE PROBABILITY ASSOCIATED WITH THE
5S. C HIT PROBABILITY GRI RECTANGLE DEFINED BY

A-2



g~&. GFIOX(I1 .LE. Y) *ANt. IGRIOX(1*11 oGy. XI)

57. C A AND.

5g. c iIGPIDYh.l .LE. Y) *A~to tGRlD't1j.1i .GT. YI)
59.
1-0. C FOR THE, FIRST SFT, ALL IN~PU'T DATA MUST PE PI;0VIDrC'. FOR SUBSEQUENT
Al. C SrEt ntLY DATA MOVIFICklIONS ARE REQUIRED. NSET IS READ ONLY ONCE
62. C AT THE FTART OF THE PROGRAM. ALL OTHER O ATA ARE READ AT START O'F

63. C EACH SET. NAMELIST INPUT IS USED,
69.
65. r SPECIFI(AIION STATEMENTS
46% DIMENSInN GRInX125J,GQIDY(753,PH(29241

67o NjtHLLIST /ILI/NSET

68- x /NLZ/NRUNNSWNOT.PTMTSl ,TS2,CHAX,C?~1N.TRTCL,TR2sTRAPR,

69. x APA,SIGTR.SIGTCSIC.TS,SIGL ,SIGD,NX,NY,NRAN
70. y NL3/GRIDX.GRIOYPH

71. 022 FoRhATHIHI9HCMULATTVE HIT PFORARILITY FOR ALL RUNS THIS SET:,
72. x 7X06HPCH a ,F7.41//IjE,30HINP(IT DATA FOR THE SET FOLLOW:)
73. 026 FnRMATPIH ,IqHGRIDXf1 (ImrI,,I2,2H):/IcnFe.,:2X3,
714. 027 FCRMAT(IH 1I4HGRIDY(J) IJul,,12,7H1,1O0(F8.j:2XII

76.
77a C DEFINE INVERSE HYPEROMLIC FUNCTIONS

78. ASINHgX)nALOG(X*SQRT(YOX.I.O) 3
79. AC0SHgX1uALOG(X*SQRTjX*X-IoO))
80. ATANH3IX)mO.5eALOGI(I.n.IIt.O1-XI3
Ale ACOTH-4XImO.S.ALOGI IX+..OIx-.'3 I
82.
83. C INITIATE LOOP FOR SETS OF RUNS

84. READ(SoNLI)
AS, Do 014 I-l.NSET
86,
87. C READ INPUT DATA FOR SET
Beg READIS, 11.7
89. READIS,NL3)
g0.
93. C INITIALIZE DATA FOR THIS SET

92. DUMleUO.562962963
93. TSI~wDUP0I*TSi
94. TS21wumIeTS2
95. SIGTSl=P1UMI.SIGTS
96. TCL I wCL /3.a
97, DUNI90.017'4S329
98. APAIuDUMl.APA
99. SIGTCIwVUMI.SIGTC

l00. NPANIU?.NRAN+I
ICI. PCHuO.O*
J02. FNiRUm*FLOAT(NRUNI
103.
10140 C INITIATE LOOP FOR RUNS IN THIS SET

l0s. Do 017 .'mINRUN
I C60

307. C TIME TO WEAPON DELIVERY FOR THIS RUN

lon. CALL GAI SS(NRANI ,Q.OSIGT8,NRANI .TI

109. T3STF*TI
110.
333. C COMPUTED TARGET POSITION AT WEAPON DELIVERY
112o CALL GAIJSS(NRAN3.O.O.SIGL.NRANI,XTCI

A- 3



1130 CALL GAIISf-INPA :I,c.c.SIGL.NRA i3.YTCl

1 140 CALL GAL51 fhRANI q~Olo.IGTSI 9NPAN f)UtilI

11360 CALL GfVSSINhAjI O.O,SIGTCI INRAri. DLM7 1

117. XTCnXTC.DUMI*COSIDUM2)
It@*YTCmYTC-DL,?I4SINlDUD421

12D. C A IMPO It
121. DuM2wO0uM2+APAI

172. XAPuXTC#APR*COSIDUM2)
1 23. YAP=YTC-APR*SlIIEDUP'2)

*125f C TARGET COUPSE AND POSITION AT WEAPON "ELIvEPY
126.
127. C IS THERE 0 TARGFT t'ANEUVER

* j~2p. CALL UNrkW(NRAN,jRANI,RNl .Nd(MIN.jl.R
329. IF(I PTt'.LT.U.o)OON.IN.LT.PTM3IADICANo~)C~
13D0. X TS2,tE.TSIfl3 6nO Tn 00 1
131.
132. C TARGET COURSE AND POSITION AT WEAPON DELIVERY. NO MANEUVER*
133. TCW Dm0.0
13 4q XT=TSII*T1
13Ss YTNO.Di

136. GO TO 002

0 38. C TARGET MANJEUVER. TIME MANEUVER STARTS?
1139. V01 IF(PTM*L.T.OoOl GO To nI2
140so CALL UNFRM(NRANI.IjRANI,RNI

* 3
0q0 Tm4.RNOT1

1N7. GO TO 013
1413. 012 TM-3.e*PTM*yg
144. 0313 CONTINUE

I4s C TARGET POSITION AT START OF MANEU'VER
147, XT=TSIO*TH
146s. YTRO.O

ISO* C OCES MANEUVER INCLU'DE COURSE CHANGE
1313. CALL UNFRM(NRANI,NRANjRN)
152. CCMwCMIN+RN.(CMAX-CM~heI
153. IF(CCrI.NEeo.cp GO To OrJ3

* iss C TARGET COURSE AND POSITION AT WEAPON DELIVERY. SPEED CHANGE ONLY.
ISA. TCwDwO~fl
357. FPJUOuTSI/TS2

ISOITAU=TS2I.(T3-TM3/TCLI
159. IFIFN10.GTigaI GO TO nON

361. C TARGET ACCELERATES
162e OUMINATANHIFNUO,
363s XTaXT.TCL:.ALOGICOSHITAU.DUMII/COSH(DIM II
16'4. GO TO 002

16A. C TARGET nECELERATES
4 67. 01N DUMINACnTHIFNUO)

366. XTuXT.TCLEOALOGSIN(TAUOJHII/SINN(DtJNI3
369. GA TO o(12
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L17.

171. C TARGET COURSE AND POSITION 0TWAO EIEY.CUS HNp

1 72. r1A3 Ot)MIUI.f)*TFZ/(TR*TRI

173- CRvTCLI/DU'I

*175. C MAGNITUDE AND DIRECTInN OF COURSE CHANGE
17b. CCMO.n1795329*CC4
177o CALL UNrRmfNRANI,NRAN.RJI

* j78. CCswI .0
1790 IFIRN "GT.O.51 CCSm-I.n

lot C TERMINAL. SPEED FOR INFINITF TURN
II'2. TS~nTS21/SQRTIDUMI)

1 it 14 C ARC LEN(6TH OF FULL TURN
lfis. SmTROCCH

167. C DOES TAUGET ACCELERATE: OR DECELERATE DU)RING TURN
11489 FNUOSTSII/TST

189. IF (FNUO.G 6T .a31 GO0 TO 00)5

190. IF(FNU0.EQ.I.OI GO TO 006

192. C TIME TO COMPLETE TURN. TARGET ACCELERATES.
* 193. DLJMINATANIIIFNUDI

19'40 T~u(CR/TST)eIACOSNIEXFS/CRSCOS4IOUMI I 3UMI I
1950
1960 C CAN TURN SE COMPLETED RrFORE WEAPON DELIVERY
197. IFIITM*T21.LE*TII GO TO 007

* 1980
1990 C COURSE AND POSITION DURING TURN AT WEAPON DELIVERY

*200. TAk1*(TSTCR)*1TIjT")
*201. SuCR.ALOG(COSHITAU.*DUlmIICOSMIDUMII)

202. DUM2=5,TR
203. TCWDuD0,2*CCS

*20410 XTwXT+TR*5INfOU"2)
205. YTxTR9(i.O-CoS(DUM21IOCCS
206. GC TO 0)02
207.
208. C SPEED AnD POSITION AT END OF TURN
2090 007 XYuxTTR*SINICCM)
210. YTmTROI.o0-COSICCM'IoCCS
211. TAUw(TST/CRI.T2
2122. TSEsTST*TANmITAU*DUJI)
2139
2q ZI. C RESET COEFFICIENTS FOR STRAIGHT PUN4 AFTFR 1URN
215s FpuOaTSE/TS21
216. TAU=l TS2I/CRI I T-TM-T23
2179. OU KI6A T AN M (F NUC I
216.
219. C COURSE AND POSITION AT wEAPON DELIVERY

* 220. TCwDaCCm*CCS
221. DUm2UTCL.IoALOGICOSHITAUDUIII/COSmIDtJMlI
222. XTuXT.OUJM2*COS(CCM)
223. YTOYT*DUM2*SINICCM)*CCS
22?2R. GO TO 002
225.
226. C TIME TO COMPLETE TURN. TARGET SPEED CONSTANT.
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277. 00c6 TuTR*CCMTSI

229. r CAr. TU'RN BE COMPLETED BEFORE WEAPON DELIVr'ky
230. IfriiTM*T2).LE4TIH GO TO OOP
231.
232. C COURSE AND POSITION' CURINiG TURH AT wJEAPCIN DLEiVERY
233o O~m2uCCm*(T I-TM)/7?

23'O. TCWDaDUM2.CCS
2359 XTBXT+TPOSINI DUM?)
236o YTeTR*c1.O-COS(14Ur4,,,CCS

237. Gn 70 OM2
238.
239. C POSITION AT END OF 1URN

240* 008 XTOXT*TPOSIN(CCM)
2'41f YTmTR.,l.C-COS(CCM11*CCS

242.
243. C RESET COEFFICIEMTS FRo STRAIGHT RUN~ AFTER TURN

2'"'. FNUO=TSII/TS2I
24S5* TAUm iT5? I/CR 1 *(TI -Tt-T2)
246. D!M, uATANNIFNUO)

2qm. C COUJRSE AND POSITION AT WEAPON OfLIVERY
21499 TCWDBCC14OCCS
zso. DUm2UTCLI.ALOGICOSMITAU.CUMI)/COSH(DUMI))
2510 XTaXT+D11M2sCOSICCM)

4252. YTzYT+D"H2*SIN4CCmI.CcS
253o 60 TO 002

255. C TIM1E Tr COMPLETE TO'RN. TARGET DECELERATFS
2536. 015 OUM18ACOTHIFNUD)
257. TZU(CRTSTISASINHIEXPESCRISSINHIDUMI I-OriiI

258a
259. C CAN TUPJ BE COMPLETFD BEFORE WrAPON DELIVERY
260.e IF(ITm*T2)*LE*TI) GO TO 009
261.
262. C COURSE AND POSITION WIURING TURN AT WEAPON DEL1vERY
263v TAL'u(T51/CRI)f TI-TmI
264.9 SuCReALOGISINHITAU.DUM~II/SINintiDMil
26S. DLIM2uSTR
266. TCW4Dwftim2*CCS
267. XTxXT-TR*SINI DUM2 I
268. YT2TR*11-0-COSIDUM2II.CCS
269. Go TO 1Y'2
270.
271. C SPEED #ND POSITION AT END OF TURNh

272. 009 XTwXT*TR*SINCC'il
4273. VTsTR~f.(I*COS(CCM)p.*CC

274. TAUwfTST/CRI.T2
275@ TSt.TST/TANM1TAV*.D1JMII
776.
277. C DOES TARGET ACCELERATF OR OECELERATE AFTER TURN

278. rNUO.TSETS21
279. IF(FNUg.GTI.CI GO TO 0O
2AO* IFIFNUO*EQ.I.31 GO TO Oil

2A2. C TAR"GET ACCELERATES AFTER TURN* RFSET COFVFICIENTS FOR STRAlI.NT
218'. C RI1td.
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284 * TAU. CT5 I /CR * (TI -T'4-T2 p
201 DttiIIsAT A 14HIFNUOI
206.
2870 c COL'H5E AND POSITION AT WEAPON nFlLIVERY

2ASl. TCWDuCCM*CCS
?F99 DUM2UTCLI.ALOG(COSH4TAII.O)UMI)/CO)SHIDUMIH1
290. XTzXTOLIM2*COSjCCt)
29J. YToYT~ntWm~eSlP~CCtl)*CCS
292. GO TO 002
293p
29q. c TARGET SPEED CONSTANT AFTER TURN* COURSE ANI) POSITION AT WEAPON
295. C DELPIERY'.
296. mil TCWDuCCm.CCS
297. DUM26TSCOITI-yT4-T2)
79po XTsX',011M2*COS( CCMI
2 99. YT=YTt)UmZ.SINlCCt41.CCS
3009 GO TO 00r2
301.e
302. c TAPGET DECFLERATES AFTFP T()RN. PESET COEFFICIFNTS FOR STRAIGHT
303v C RUtI.
304. 010 TAUuITS21/CM)*(TI-T4-T2)
30S. DUri-IACOTHIFNUOI
306.
307. C COURSE AND POSITION AT WEAPON DFLIVERY
3U8. TCwD=CCM.CES

309o DUimZ.TCLI.ALOG(SI.NHITAU,+DUMI)/SINH(IOUMIH)
3109 XT=XT*DtIM2*COS( CCM)
3119 YT=YT+DtIM2*SIN(CCMIOCCS
312.
313a C TERMINAl FOR TARGET CMURSE ANO POSITION
314. 00? COntTINUE
31So
316. C INITIALIZE LOOP FOR NUMBER OF S'4OTS ON RUN

337. PCNSsO.O
31RO 0c' 016 KwI.NSHOT
319.
320. C WEAPON nELIVERY POINT
321o CALL GAIJSS(NRANI,O.O,SIGO.NRANI.EWD)
322. CALL GAtfSS(NRANI.DOOSIGD.NRANI.YWOI
3239 XWOaXWInXAP
324.e YwfluYWD.YAP
325.
324. C CONVERT WEAPON DELIVERY POINT TO HIT PROBABILITY GRID COORDINATES

327. DUMI=SINITCWD)
328@ DUM2=C(OSITCOD)
329o DU9PJXW0XT

330. DUI.I.YWn-YT
3310 xWDG.DI)M4. DUMNDUN 3.DUM?

332o YWDGunjNN.ouN?.OUM3*Uli
333o
334a C IS THE WEAPON DELIVERY POINT OUTSIDE THE HIT PROBABILITY GRID

335. IF~(IXWnt'.LT.GRIDX( I) .OR.(XwDG.GE.GRIDXINX) ).OR9

3369 x IYWnG.LT.GRIDY(III.L)R.(YwDG.GE.GRIDY(NYIII GO TO 016
337.
338o C CUMULATIVE HIT PROBABILITY FOR RUN
339. 11.1
340. 020 IFIIGRI(rXIII,.LEXWDG).AND.IGRII)XIII.II.GTXwO)GII GO TO n19
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341* 11 + ,
342- GO TO "20
3143* 019 JJ6i
34'4. 010 If GR I Y I JJI Lr.YWDG) ANn. iGR InY jj* II GT.YWDG) I GO TO 021
3'4%. jjj~

346. GO TO 018
31179 021 PCHS.PCMS.PHnIl,jj-PCHS*PHIII.J..h

34499 C I-COP TERMINAL FOR PIUM4AER OF SHOTS ON THIS RON
350- 0l16 CONTINUE

351 *

3SZ9 r CUMULATIVE MIT PRORABILITY FOP SET
363. PCHwPCH+PCHS/FNRUN

3S4.
35S. C LOOP TERMINAL FOR RUN~S IN THIS SET
356. ni17 C014T I Ntl

357.
359. C PRINT RESULTS FOR SET
359. WPITE16922) PCH
360- WRITE(6,NL2)

36). WPITE 16,26 I NW,lIGRIVI )1*I~I l,NX)

363* NXI.NX.1

364. Ny I my.I
36S. WRITE (6,*28) NiX I NY I IPH(l , JJ I lisa*"OI) *JJ* I *Ny )

367. c Loop TERMINAL FOR SETS OF RUNS
368. (11% CON.TINUE

369.
370. END



|e c SURCUTINE UNFRMINONIX) COMPUTFS A REAL PSEUDO-RANDOM VARIABLE X
2* C UNIFORMLY DISTRIBUTED OVER THE INTERVAL 0.0 TO 1.0 AND AN INTEGER
30 C PSEUDO.RANOOM VARIABLE NJ UNIFORMLY DISTRIBUTED OVER THE INTERVAL

q C 0 TO 12..35-f)-1200B-fl. IF A CALL FOR UNFR HAS NOT BEEN
s. C PPECEEDED AY ANOTHER CALL FOR UNFRM OR A CALL FOR GAUSS, TH E SEED
6. C VARIABLE NO MUST BE AN ODD INTEGER. OTHrRWIS NO SHOULD BE THE
7. C VALUE OF NJ RETURNED MY THE PRECEEDING CALL FOR UNFRM OR GAUSS,
B. C THIS SUBROUTINE IS INTENDED FOR USE WITH A COMPUTER HAVING AN
9. C INTEGER WORD LENGTH OF 3S BITS PLUS SIGN AND AN INTEGER-TO-REAL

lo. C CONVERSION FUNCTION FLOAT(IJ WHICH RETAINS ONLY THE 27 MS BITS
! l C OF THE INTEGER. THE PERIOD OF THE PSEUDO RANDOM NUMBERS IS

12. C APPROXIMATELY 20033.
13. SUBROUTINE UNFRM(NO.NIX)
14. 002 NIS 185363oNo
IS. IFINI.GE.0) GO TO DOI
J60 Nis-JONI

17. DOl IFINIGt.343s9738112) GO TO 002
Is* XsFLOATINII/343597381i?;C
19. RETURN
20. END
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!e C SUBROUTINE GAUSSINO.XMXS.NIX
| 
COMPUTES A REAL, NORMALLY

2. C DISTRIBUTED. PSEUDO-RANDOM VARIABLE X WITH MEAN XM AND STANDARD

3. C DEVIATIMN XS, IF A CALL FOR GAUSS HAS NOT BEEN PRECEEDED BY

1. C ANOTHER CALL FOR GAUSS CR A CALL FOR UNFRHTHE SEE
D 

VARIABLF NO

S. C MUST BE AN ODD INTEGER. OTHERWISE NO SHOULO BE THE VALUE OF NI

60 C RETURNEn BY THE PRECEFDING CALL FOR GAUSS OR UNFRM. SUBRoUTINE

7. C GAUSS CALLS THE SUBROUTINE UNFR40

B. SUBROUTINE GAUSS(NCXMXS.NIE
X

9. X-.O

I, 00 001 1-1,12

If. CALL UNFRMINONODX

12. XE.XDE

13. COI CONTINUE

14. NIaNO

ISO Xx-6.OIexSExm

16. RETURN

17. END
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APPENDIX B: TWO-DEGREE-OF-FREEDOM

EQUATIONS OF MOTION FOR A MANEUVERING TARGET
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TERMINAL SPEED FOR A GIVEN THRUST LEVEL

The terminal (steady-state) speed v of a submerged body with constant

thrust level T is given by:

2T (B-i)
PC SD

where:

p = density of the medium

CD = drag coefficient

S = characteristic area

Now let CDI denote the drag coefficient of the body for motion along a

straight path and CD2 the drag coefficient of the body in a turn. Let vI

denote the terminal speed of the body for a straight run with constant thrust

T and v2 the terminal speed in an infinite turn with the same thrust level T.

Then, it follows from equation (B-.):

/CD1

V V __ 
(B-2)v2 = C

D2

Assume CD2 is of the form:

C =C + KC 2 (B-3)
D2 DI L(B3

where K is some constant and CL is the lift coefficient due to turning. Then:

c D= + -- i (B-4)
CD2 C D1
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The lift L for a body at speed v during a turn of constant radius R is given

by:

1 2CLS  2mv 2
L 2 L C = R

where m is the body mass and is equal to the mass of the water displaced by

the body (we assume trim for neutral buoyancy).

Then, solving for C LL

4m
4m (B-6)

Substituting (B-6) into (B-4):

%I /+ 16 --,

C D2  2S2RC) 
B7

Or

D / _ 2 B-1
D2  (-8)

where

R2 16 Km 2
R (B-9)

c 02S2 CD1

R2 is defined as the characteristic drag radius squared of the body. Then,
c

froa equations (B-2) and (B-8):

2 1
v2  v, 1 + Rc (B-10)
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Equatio (B-10) is used to compute the terminal speed v 2 for a target ina a

circular turn of constant radius R, at a constant thrust level which would

produce a terminal speed v I if the target were on a straight run (R - cc ).

This formulation is a consequence of the fact that thrust levels for a ship

or submarine are ordered in terms of the corresponding straight-run terminal

speed.

TARGET MANEUVERS

The program provides for a target maneuver which consists of an instan-

taneous thrust change and/or a circular turn maneuver with the start of the

turn at the time of thrust change.

We define the following:

v = instantaneous target speed

v 0= initial target speed at time maneuver starts (t-0)

T = thrust level before start of maneuver
0

T = thrust level after start of maneuver

VT = terminal speed for the maneuver at thrust level T T

During the maneuver, the force acting on the target is:

1 2 D

IT P-C S (B-il)22 D2 D2T

Then the target acceleration is:

a-=c v2 v 2) (B-12)
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where:

PCDS

D2 (B-13)
C 2m

From equation (B-B):

DIS + c(B- 14)
PC (i ,2)

c= 2m R

R 2

The term t is called the characteristic length of the target:
c

t = 2m__ _
c 0%1S (B-15)

From equation (B-12) we obtain the differential equation:

dv (B-16)
= CVTdt = Kdt

1-V2T

where

V = (B-17)

VTvT

and

K cvT (B-18)

The solution of the differential equation (B-16) by integration depends upon

the value of v. We identify three cases:

Case I: Target accelerates during maneuver (V < 1)
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Case II: Target decelerates during maneuver (v > 1)

Case III: Target speed constant during maneuver (v = 1)

Case I: Target Accelerates during Maneuver (v < 1)

For v < 1, the solution of the differential equation (B-16) is:

tanh-lv - tanh- vo =Kt (B-19)

where:

v
V = 0(B-20)

0 v
T

or:

V = tanh (Kt + tanh- V ) (B-21)

From equations (B-17) and (B-18) we see that

V CV (B-22)K

Or

- = ) (B-23)
X dt

where s is the path length variable during the maneuver.

Then equation (B-21) may be rewritten:

C ds K tarh (Kt + tanh- V.) dt (B-24)

Integration of equation (B-24) yields:

1 cosh (Kt + tanh-v )]s = -- '-n o(B-25)
c ncash (tanh-1V) J
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Equation (B-25) defines the path length traveled as a function of time. In

the case of a turn maneuver, this is equivalent to the angle of turn (course

change), since the turn is assumed to be circular (constant radius).

To compute the time required to travel a given path length, or, in the

case of a turn, to complete a given course change, we solve equation (B-25)

for t:

t = lcosh-1 ecScosh(tanh-v)I - tanh-'v (B-26)

Target speed at any time during the maneuver is computed with equation (B-21).

Case II: Target Accelerates during Maneuver (v > 1)

For v > 1, the differential equation (B-16) has a solution:

coth v - coth v = Kt (B-27)
0

If we proceed from equation (B-27) in the same manner as we did from equation

(B-19) for Case I (v < 1), we obtain:

v = coth (Kt + coth-IVo0 (B-28)

S =1 Ln sinh (Kt + coth V )]( - 9

s n[ -118-29)

c sinh (coth- vo)

t . . sinh- 1 ecssinh cothi I)] - coth-lvo (B-30)

Equation (B-28) provides target speed at any time during the maneuver, while

(8-29) provides distance traveled (or course change) since start of the maneu-

ver. Equation (B-30) provides the time required to travel a given distance,

or, in the case of a turn, the time required to complete a given course

change.
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4

Case III: Target Speed Constant During Maneuver (v -

For the case of constant speed during the maneuver (v = 1), the equations

of motion are trivial, since we have linear motion at constant speed or motion

along a circular arc at constant speed.
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APPENDIX C: INPUT DATA VARIABLES
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NAMELIST NL1

NSET: Number of sets of runs

NAMELIST NL2

NRUN: Number of runs in the set

NSHOT: Number of weapons simultaneously launched for each

run.

PTM: Probability that the target will initiate a maneuver

(course and/or thrust change) at some time during the

blind time interval. If -1.0 < PTM < 0.0, then the

target will initiate a maneuver at -100.0 * PTM per-

cent of the blind time.

TS1: Initial target speed (knots).

TS2: New target speed ordered at time maneuver is initiated

(knots).

CMAX: Maximum magnitude of target course change (degrees).

CMIN: Minimum magnitude of target course change (degrees).

TR: Target turn radius for course change (yards)

TCL: Target characteristic length (feet)

TR2: Target characteristic drag radius squared (yards

squared)

TB: Estimated blind time (seconds)

C-2



APR: Aimpoint offset radius. Distance of aimpoint from

estimated target position at estimated time of weapon

delivery (yards).

APA: Aimpoint offset angle. Relative bearing of aimpoint

from estimated target position and course at estimated

* time of weapon delivery. (degrees)

SIGTB: Standard deviation of normal error in estimate of

blind time. (seconds)

SIGTC: Standard deviation of normal error in estimate of

target course (degrees)

SIGTS: Standard deviation of normal error in estimate of

target speed (knots)

SIGL: Standard deviation of normal target localization

errors (yards).

SIGD: Standard deviation of normal weapon delivery errors

(yards).

NX: Number of hit probability grid lines perpendicular to

target centerline (program limit: 25 maximum)

NY: Number of hit probability grid lines parallel to

target centerline (program limit: 25 maximum)

NRAN: Seed for random number generators. May be any integer

less than 235 in magnitude.
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NAMELIST NL3

GRIDX(I), (I=1, NX): Distance from target, along target centerline, to I
th

hit probability grid line perpendicular to centerline.

Positive ahead, negative astern. Array must be

ordered such that GRIDX(I) < GRIDX(I+1).

GRIDY(I), (1=1, NY): Distance from target centerline to Ith hit probability

grid line parallel to centerline. Positive to port,

negative to starboard. Array must be ordered such

that GRIDY(I) < GRIDY(I+1).

PH(I,J), (I=I, NX-1), Probability of hit for hit probability grid rectangle

(J=1, NY-I): defined by GRIDX(I) < x < GRIDX(I+1) and GRIDY(J) < y

< GRIDY (J+1)
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APPENDIX D: INPUT DATA CARDS
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The following key punch work sheets represent a typical set of input data

cards for program execution, with each line of each work sheet representing

( one card. The numbers shown in columns 79-E40 are not part of the input data

and would not be included in the actual input cards. The numbers are included

only for reference purposes in the text of this appendix.

Card 01 specifies that program execution will consist of four sets of

runs. Parameters for the initial set of runs are contained in cards 02-21.

The hit probability grid parameters, contained on cards 07-21, correspond to

the hit probability grid shown on Figure (2).

Input parameters for the second set of runs are provided by cards 22-23.

These specify that input parameters for the second set of runs will be identi-

cal to these of the first, except for a different seed (NRAN) for the random

number generators. Thus sets one and two can test for stochastic convergence

by comparing results for generally different sequences of random variables

fram the same statistical distributions. NIote that, even though there are no

changes to NL3 namelist data for the second set, a blank NL3 card (#23) is

4 provided, as required, for proper program execution.

Card 24 changes the magnitude of target turn maneuvers and the random

number generator seed for the third set. Card 25 provides the required card

for NL3, even though there are no NL3 data changes.

Cards 26-27 specify that the input parameters for the fourth set will be

identical to those of the third, except for the random number generator seed.

)- 2



Wo . .6. a. a. u t . - m Ilk 0. s .

D-3



let

it 91,
9t
cc

T--
Is

- - - - - - - AAE

at

All

at
a

M
it
2
t:

4 _T I

31

=# #=
__&TxTm

D-4



APPENDIX E: PROGRAM OUTPUT DATA AND FORMAT



C5
0

0
lC,

00

arC,~60
0

00

a ooo~c
06

00-

0 0
* n.

so

4n40
a 0e

.0 0 0 0000000
#4* 00000CC

0at- 0 00 0 0
#00. 0 0 %6NCS-uj6..

00P
0 061a
ON -

0 0 0 000000
240 C 06*6N4 cU

d t0
342

N0

.0 0 C C 000000

000 0e0000 00

#00 6
003

-361 0 C ; r c 0000 Q0CC

660

ik 04 C. 74C.. 0 C, C, 0

0.2
-j el0 0 c,

61630- 0 0 Q aC o.2 Q

- - oJ' # ftjc ,

* 00 C 0 0 0 0 0

c. C. . :' CCC I

4, 0
006

Sl *. ON- C 0c

C, C. Q-

6% Z 334 z,. ': 1: 00 O.. 1
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al

00
.40

c 0

00
0 a

0 .0
C, ! A 00 00

006 00 0

00

.0

00-I 0 C
ON A

coo
o

2.; 00 00 0

400

.0 0 000C,2000000

-0 0 0 0 mS-si
* 0 5N
002

ON -
0 0 0 0 0 0

0 .- 000 00
Nj 0 0 0 0 0 0
*U0 0, a0. z z N4 o - C 0

4.-a

m -o

0 0 0 00C D0 000 0
N4 r . . 0000000Ocl

00C0c 0 0 00 0 0
003 0 I 0 OSSVNN

0 Q 4
CC

ain
a.i a C40 00 0

00 a. 0 0 0 0
IL- T 0 0t 4 0'

cc --

!! 020 11 cooccoc

v z w 0 %VI%:IN
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4c

Icc
00

0

0

0 0

NOC,

000000
0 a,2c

*00
006
00
0 0
00.

'r , 0000

0:0 00 
0 0

ft 0 c:iI

4A in C,

C40 + 0 0000000
cc , 00 000000

0060 -
+0I
00-I
005
ON

N a 0 00000000
0 c'

a. 0
N, 0 co c a

00 0 0 22000000
0 Q c 0 0 00 0 0

006
0ftI
O0~

0 1 0 0 00 0 0 0 0 00.3 (I

c - 0v00a00

LP 0 1 46o

U' 0

-00 0 *0 ocooc loo
I* C'.. 1 C. , t n .3 00 0 00

0 o. 000a00000

Ca l

II.%~ C 0 CC,00C000
Is a, 0 .nU ao

*I

ft .

cc a-C 06

.~0 0 0r0 0

69 at0 Wa 0 I -
IF %VI 0 I 0UI00

~.1 0~ 0 dE-4,



00
a

00
003

0;
I~0 W

umo

mo 0000
002

000

00-

0 0 oco

N 4 o o o

40

00 0 0 00 00

* 0 0 NU
00c
000

0U 0D 0000

a C. * , 00000QQ
0 0 0 00000000

.3 0 0I C! 0:WN

w0

-00
.00 0 0000000C

0 *0 * 0000000
0CC 0 i C 0 0000000o
C.~ 0 0 * Nn N

I 402 ~
003
0@Vl

0*~~
0 *o 0 0 00 0000

00 0 0000O0000

ul In 30

100

00 0 000000000
0 040 0 L40C00000

000 C u Q 000 0

A. 0 0# -E 3N

Ix r0,c- C3 N
c. 00 - -r

0--00
043 N ,0- OS
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APPENDIX F: INTERNAL VARIABLE AND FUNCTION NAMES
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ACOSH(X): Statement function which computes the inverse hyper-

bolic cosine of X.

ACOTH(X). Statement function which computes the inverse hyper-

bolic cotangent of X.

APAI: Input variable APA converted to radians.

ASINH(X): Statement function which computes the inverse hyper-

bolic sine of X.

ATANH(X): Statement function which computes the inverse hyper-

bolic tangent of X.

CCM: Target course change magnitude (radians)

CCS: Indicates the direction of the target course change.

CCM - +1 for a negative change (positive y direction

or left turn). CCM - -1 for a positive change (nega-

tive y direction or right turn).

CR: Reciprocal of hydrodynamic coefficient c (yards) (see

equation (B-14)]

DUMI, DUM2, DUK3, DUM4: Dummy variables for temporary storage of intermediate

quantities

FNRUN: Floating point conversion of input variable NRUN

FNO: v -ratio of initial to terminal speed [see equationo

(B-20)]
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NRAN1: Running seed integer for random number subroutines

UNFRM and GAUSS.

PCH: Cumulative hit probability for set.

PCHS: Cumulative hit probability for run.

RN: Random number from a uniform distribution over the

interval [0,1]

S: arc-length of a turn maneuver (yards)

SIGTCI: Input variable SIGTC converted to radians

SIGTSI: Input variable SIGTS converted to yards per second

T1: Actual time to weapon delivery (seconds)

T2: Time required to complete a turn maneuver (seconds)

TAU: Time variable Kt [see equations (B-19) and (B-27)]

TCLI: Input variable TCL converted to yards

TCWD: Target course at weapon delivery time (radians)

TM: Time target maneuver starts (seconds)

TS1I: Input variable TS1 converted to yards per second

TS2I: Input variable TS2 converted to yards per second

TSE: Target speed at end of turn (yards per second)
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TST: Terminal speed for maneuver (yards per second) [see

equation (B-10)]

XAP: X-COORDINATE OF AIMPOINT (YARDS)

XT: x-coordinate of target (yards)

XTC: Estimated x-coordinate of target (yards)

XWD: x-coordinate of weapon delivery point (yards)

XWDG: x-coordinate of weapon delivery point in hit proba-

bility grid coordinates (yards)

YAP: y-coordinate of aimpoint (yards)

YT: y-coordinate of target (yards)

YTC: Estimated y-coordinate of target (yards)

YWD: y-coordinate of weapon delivery point (yards)

YWDG: y-coordinate of weapon delivery point in hit proba-

bility grid coordinates (yards)
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